We measure the statistical distribution of the local density of optical states (LDOS) on disordered semi-continuous metal films. We show that LDOS fluctuations exhibit a maximum in a regime where fractal clusters dominate the film surface. These large fluctuations are a signature of surfaceplasmon localization on the nanometer scale.
The study of light scattering and transport in disordered media is stimulated by fundamental issues in mesoscopic physics [1, 2] , including Anderson localization [3] , and by the development of imaging techniques in complex media [4] . Moreover, disordered dielectrics and metal-dielectric composites provide new classes of photonic materials for the control of light propagation and the enhancement of light-matter interaction [5] [6] [7] [8] [9] [10] . Disordered semi-continuous metallic films are a particularly striking example, since they exhibit optical properties that strongly differ from those of bulk metals and ensembles of isolated nanoparticles [6] . In these systems, the interplay between intrinsic material excitationssurface plasmons -and random scattering by multiscale (fractal) metallic clusters leads to spatial localization of the electromagnetic field in subwavelength areas (hot spots) [11] [12] [13] .
At a given frequency, surface-plasmon modes consist of one or several hot spots, and can be localized (i.e. insensitive to the sample boundaries) or delocalized (spread over the entire system). The coexistence of both types of modes results from the self-similarity of the structure, and is referred to as inhomogeneous localization [11, 14, 15] .
In this Letter, we study experimentally the behavior of the local density of optical states (LDOS) on disordered fractal metallic films. The LDOS is a fundamental quantity for the characterization of the optical properties of complex systems. It drives the spontaneous emission of light by dipole emitters [16] , and is also connected to macroscopic transport properties [17] [18] [19] [20] . In a disordered medium, changes in the LDOS probe the local environment [21] , the photon transport regime [22, 23] , or drive long-range correlations of speckle patterns [24] . Recent experiments have provided evidences of changes in the statistical distribution of the LDOS in disordered dielectric media [25, 26] , but in regimes in which light localization is not observed. Disordered metallic films offer the advantage to generate localized surface-plasmon modes, and to exhibit sharp changes of their optical properties when multiscale clusters appear, thus being good candidates for the observation of substantial changes of the LDOS. In particular, since the LDOS fluctuations are expected to be sensitive to changes of the structure of electromagnetic modes, one can expect to get a signature of inhomogeneous localization in the LDOS statistics. Moreover, although the intense field in hot spots has been used for the enhancement of non-linear response of optical surfaces [6] , little is known about the possibility of using these localized plasmon modes for quantum-electrodynamics studies [10] . Here we provide the first measurements of the LDOS on disordered metallic films, using nanoscale fluorescent emitters. We show that the LDOS exhibits large fluctuations at the threshold corresponding to the appearance of fractal clusters. We interpret the measurements in terms of the inverse participation ratio, a parameter that measures the spatial extent of eigenfunctions [18] , and we show that the large fluctuations are a signature of localized surface-plasmon modes.
A sketch of the experimental setup and a typical sample are shown in Fig. 1 Measuring the lifetime of the excited state τ amounts to measuring the spontaneous decay rate Γ = 1/τ . For a dipole emitter, the latter is Γ = πω/( ǫ 0 )|p| 2 ρ(r, ω), where ρ(r, ω) is the LDOS, ω is the emission frequency and p the transition dipole [16] . The LDOS describes the electromagnetic environment, and can be computed using the dyadic Green function that describes the response at point r to a point electric dipole p located at point r ′ through the that are responsible for peculiar optical properties (e.g. anomalous spectral absorption) [13] .
Electrical percolation also occurs in this regime. substantial. From regime (1) in Fig. 2 (a) (isolated nanoparticles) to regime (2) Fig. 2(b) (fractal clusters), the distribution broadens and the averaged value increases. One also observes a long tail Fig. 2(b) , corresponding to a few beads displaying a large increase of the decay rate. Such large values are only observed in this regime (f 80%). Changes of the spontaneous decay rate on these structures is attributed to changes in the LDOS, reflecting changes of the structure of the electromagnetic modes.
The behaviors in Fig. 2 (a) and (b) can be understood qualitatively, based on previous studies of the near field on such films. Under far-field excitation, the fluctuations of the near field at the film surface in regime (1) generate a speckle pattern that can be understood in usual terms, without invoking the collective resonant interactions giving rise to the hot-spots structures [27, 28] . In regime (2), the near-field exhibits giant fluctuations (hot spots) which are spatially localized much below the illumination wavelength, on a scale of a few tens of nanometers [12] . The strong spatial fluctuations of the amplitude of each mode explain the enhanced fluctuations of the LDOS in this regime.
A feature of the hot-spots regime is the existence of spatially localized (surface-plasmon) modes, together with delocalized modes (inhomogeneous localization). The delocalized modes are formed by a number of separated hot spots, that are distributed in a region with size comparable to the sample size. The localized modes are insensitive to the sample boundaries, as in Anderson localization [14] . Motivated by the observation in Fig. 2 , we have carried out measurements of statistical distributions of decay rates on samples with different filling fractions f , covering the three regimes discussed above. As a measure of the fluctuations, we have computed the normalized variance
The result is shown in Fig. 3(a) . In the region corresponding to f > 65%, we observe an one obtains a behavior as that shown in the inset of Fig. 3(b) , that allows us to attribute an euclidian or fractal character to each cluster. The ratio S f /S e is taken as a measure of the fractal character of a given sample. Its evolution with the filling fraction f is shown in Fig. 3(b) . We observe a sharp increase for f > 65% that characterizes the appearance of fractal clusters (indicated by the vertical red dotted line in Fig. 3 ). The maximum of LDOS fluctuations is observed for f = 82%, i.e. in a regime where fractal clusters dominate (S f /S e ∼ 10), and in which localized surface-plasmon modes are expected according to the inhomogeneous localization concept. The correlation between enhanced LDOS fluctuations and the existence of localized modes is the main result of this Letter. As we shall see, this correlation is supported by an analysis based on the inverse participation ratio.
The inverse participation ratio R IP is a quantity used in the theory of Anderson localization to measure the spatial extent of wavefunctions, and to determine the localization transition [18] . It is defined by
where in our case the integral is performed along a plane parallel to the sample surface. For spatially localized modes, R IP is independent on the sample size L, whereas for extended modes, R IP scales as L −2 [30] . In our case, R IP can be used to measure the surface occupied by hot-spot modes (localized or delocalized).
In order to connect the LDOS fluctuations to R IP , we can make the following hypothesis:
At a given point r and at a given frequency ω, the electric field is dominated by one mode.
This means that the probability of having more than one mode giving a high electric field at a given point and given frequency is very small. In this case, the LDOS is essentially [31] :
where ∆ω is the spectral width of the mode and |E(r)| 2 = I(r) its local intensity. Under this approximation, the inverse participation ratio reads:
where S is the sample surface. In the last equality, we have assumed ergodicity so that spatial and statistical averaging have been considered as equal [29] . This expression shows that measuring LDOS fluctuations provides a direct measurement of R IP . As a result, we can infer the increase of LDOS fluctuations as a signature of an increased contribution of localized modes. Indeed, for delocalized modes, one has N hot spots (N ≫ 1), each of them with typical extent ξ [14] , and the inverse participation is R IP ∼ (Nξ 2 ) −1 . For localized modes, one has N ∼ 1, with a localization length ξ l ξ, so that
This simple analysis shows that the peak in the LDOS fluctuations observed in Fig. 3(a) is the signature of an increased number of localized surface-plasmon modes in the regime where the disordered film contains a substantial fraction of fractal clusters.
The approximation leading to Eq. (2) is supported by the similarity between the doublepeak structure of the relative variance observed in Fig. 3(a) and the relative variance of the near-field intensity pattern measured by scanning near-field optical microscopy (SNOM) on similar samples [15] . These SNOM measurements have led to the conclusion that localized modes should dominate around the percolation threshold (but not exactly at percolation), in agreement from expectations resulting from numerical simulations [29] . An advantage of our direct measurement of the LDOS is that the local intensity of both radiative and nonradiative (dark) modes is probed with the same weight, and with a well-defined instrumental response function. Even in a SNOM experiment that is able to probe the intensity of both types of modes, scattering is necessary in order to couple external radiation to non-radiative modes, whereas radiative modes can be directly excited. This asymmetry is avoided by direct LDOS measurements.
In conclusion, we have measured the statistical distribution of the spontaneous decay rate of fluorescent nanosources on disordered fractal metal films. Changes in the decay rates have been attributed to changes in the LDOS, thus providing the first analysis of LDOS fluctuations on such systems. We have found that at the onset of the existence of fractal clusters, the normalized fluctuations of the LDOS exhibit a sharp maximum. This maximum is attributed to the presence of localized surface-plasmon modes, and coincides with a maximum of the inverse participation ratio. These experiments show that LDOS fluctuations carry sensitive signatures of photon transport in complex media, and seem to confirm the concept of inhomogeneous localization on self-similar disordered structures.
They also show that localized plasmon modes can substantially modify the LDOS, on a scale in the range of tenth of nanometers, thus providing an alternative to dielectric microcavities and plasmonic nanoantennas for studies of light-matter interaction at the single-emitter level.
